The flexible and greatly expanded roughly spherical model for mucus glycoproteins proposed earlier, on the basis of hydrodynamic and n.m.r. data, is supported by new hydrodynamic results on a bronchial glycoprotein from a cystic-fibrosis patient. Furthermore, images from electron microscopy of this molecule and a lower-molecularweight mucus glycoprotein (which closely resembles a glycopolypeptide) appear to be at least consistent with this model.
The flexible and greatly expanded roughly spherical model for mucus glycoproteins proposed earlier, on the basis of hydrodynamic and n.m.r. data, is supported by new hydrodynamic results on a bronchial glycoprotein from a cystic-fibrosis patient. Furthermore, images from electron microscopy of this molecule and a lower-molecularweight mucus glycoprotein (which closely resembles a glycopolypeptide) appear to be at least consistent with this model.
The dominant role of secretory glycoproteins in determining the characteristic protective features of mucus has now been well established (Allen et al., 1976; Avery-Jones, 1978) , and many workers have attempted, sometimes contradictorily, to correlate their conformation with biological function. The general structure (Pigman, 1977a ) for a monomeric macromolecule of a hydrophobic single polypeptide core, surrounded almost completely by serine-or threonine-linked oligosaccharides of variable chain length, is now widely accepted, but data relating to the gross conformation in solution have been conflicting. Although the hydrodynamic properties (Gibbons & Glover, 1959; Creeth & Knight, 1967 , 1968 Snary et al., 1971 Snary et al., , 1974 Gibbons, 1972; Mantle et al. 1981) appear to indicate consistently a roughly spherical immensely expanded random-coil model, electron-microscope studies have suggested a quite different picture (Slayter et al., 1974; Lamblin et al., 1979) , with the molecules appearing as highly elongated structures, of axial ratio about 100:1. We now present fresh evidence that the former model is applicable, and suggest a reason for the earlier discrepancies.
Mucus glycoproteins from a wide variety of sources have the general characteristic features of very high concentration-dependence of sedimentation coefficients (represented by the parameter ks) and very high intrinsic viscosity [q] . Use of the ratio ks/[?I] for a well-characterized blood-group-Bspecific glycoprotein (Creeth & Knight, 1967) , for example, indicates a spheroidal particle of axial ratio <2 :1 (see Rowe, 1977) (Creeth & Knight, 1968 ). Allen and co-workers have arrived at the same basic conclusions for pig gastric and pig colonic mucus (Allen et al., 1976; Snary et al., 1971 Snary et al., , 1974 Mantle et al., 1981) . Further support that glycoproteins in solution are in general spheroidal (axial ratio <10:1) as opposed to extended rigid rods derives from the fact that they do not give rise to any observable birefringence when subjected to shear (Creeth & Knight, 1967) . One notable exception is the relatively high molecular-weight bovine cervical mucin, for which birefringence has been observed (Gibbons & Glover, 1959) . However, this observation was accounted for in terms of an elastic deformable spheroidal model with random-coil properties. Evidence for the flexibility derives from the fact that the Huggins constant for the concentration-dependence of the reduced viscosity generally lies in the range 0.3-0.5 (Creeth & Knight, 1967; Snary et al., 1971) characteristic of random-coil behaviour (Flory, 1953) , from the temperature-dependence of sedimentation coefficients (Creeth & Knight, 1967) and from n.m.r. studies (Barrett-Bee et al., 1981 .
Some electron-microscope studies have given, however, very persuasive evidence that these molecules exist as extended stiffened rods of axial ratio approx. 100:1, after rotary shadowing of molecules air-dried on to mica. This model has been proposed both for thiol-reduced glycopolypeptides and for native glycoprotein molecules; for example, a study (Slayter et al., 1974) (Lamblin et al., 1979) , other 'bizarre' features are also evident, and neutral glycoproteins appear as flat sheet-like structures. Although a general model of stiffened rods was implied from the appearance of the micrographs, good agreement between the lengths predicted by electron microscopy and sedimentation coefficients is actually obtained for a flexible-coil model (p. 40 of Lamblin etal., 1979) .
In an attempt to throw some light on these discrepancies, we have examined a human bronchial glycoprotein, CF PHI, prepared by a slight modification of the method of . In the dispersal of the sputum in CsBr solution, mixed proteinase inhibitors were present. After the usual two density-gradient centrifugations, bovine pancreatic ribonuclease and deoxyribonuclease were used to remove residual traces of nucleic acids. The enzymes were subsequently removed by a third density-gradient centrifugation in CsCl. The final product was examined by analytical density-gradient ultracentrifugation, sodium dodecyl sulphate/polyacrylamide-gel electrophoresis with staining for protein, and gel electrophoresis with staining for nucleic acid (Bridge, 1979) . These techniques would have detected (a) lipid, as a thickening of the meniscus, (b) free protein and (c) degraded nucleic acids. The freedom from lipid is expected from the findings by Bhaskar & Reid (1981) that repeated preparative density-gradient centrifugations break up stubborn lipid-glycoprotein complexes, whereas the sensitivity of the electrophoretic tests is recognized (Creeth et al., 1979) to be even greater than centrifugation . The final product was a glycoprotein whose analytical composition was similar to those reported by , and with similar physical properties. For example, the reduced viscosity at 1 mg/ml was 104ml/g, and its weight-average molecular weight MO was 2.25 x 106; both measurements were made on material in 1 M-NaCl, phosphate-buffered to pH 6.8. Thus by all normally accepted criteria (Pigman, 1977b) it was a typical sialic acid-rich mucus glycoprotein (N-acetylneuraminic acid content 13%).
A 4mg/ml solution in 1 M-NaCl buffered to pH 6.8 was found to give no observable birefringence when subjected to shear, whereas that for a known extended rod, myosin, under similar conditions did so. The second virial coefficient, B, was then determined by using ultra-short-column sedimentation-equilibrium experiments and from a slope (-2B) of a plot of the reciprocal of the apparent weight-average molecular weight versus concentration ( Fig. 1) . (Fujita, 1962; Teller, 1973; Harding & Creeth, 1982) 1 for the contribution from thermodynamic non-ideality. Assuming the suppression of charge effects, the molecular co-volume U = 2BM2 (Tanford, 1961; Jeffrey et al., 1977) = 1.2x 109ml/mol, and hence the excluded volume (in ml/g) u'-U/M = 600 ml/g. Assuming a spherical particle, the specific volume VS = u'/8 -75 ml/g. Since the partial specific volume, vi, is 0.633 ml/g (Bridge, 1979) , the swelling ratio vs/b is found to be approx. 120.
Although there is considerable uncertainty on conclusions from electron microscopy with regard to solution structures, it would be instructive to see whether images of metal-shadowed material were at least consistent with the solution data. The problems of flattening due to air-drying of droplets sprayed on to cleaved mica were considered to be less than those of subjecting normally highly solvated material to concentrated glycerol, and hence, following Slayter et al. (1974) , the former technique was used. Electron microscopy of unidirectional platinum-shadowed glycoprotein CF PHI revealed a rather complex situation (Plate 1). Most of the material present appeared as very flattened 'low-profile' areas, barely resolvable from the background. From these low-profile areas radiated one or two narrow thread-like extensions, typically 100-200 nm in length. By using tobacco-mosaic-virus particles as calibration markers, a maximum height Plate 1
EXPLANATION OF PLATE 1
Electron micrographs ofplatinum-shadowed glycoprotein CF PHI, air-dried after spraying on to mica These molecules appear to consist of 'low-profile' areas that have one or two thread-like extensions (a left, c and e). These extensions frequently attach to a virus particle and also overlap and attach to each other (a right, b, d and f).
Magnifications x 104000 (magnifications were calibrated by using a diffraction-grating replica to +2%).
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The Biochemical Journal, Vol. 209, No. 3 Plate 2 EXPLANATION OF PLATE 2 Electron micrographs of603/A mS mucus glycoprotein from an ovarian cyst, after platinum-shadowing air-dried material after spraying on to mica Tobacco-mosaic-virus particles were used as a calibration standard. The shadowed width (Willison & Rowe, 1980a) for an 'end-on' tobacco-mosaic virus was measured to be 19.2nm: the correction for metal cap (Willison & Rowe, 1980b) applied to glycoprotein widths was therefore 4.2nm. Hence the corrected width of the particles was 15.0 + 1.9 nm. From their shadow lengths, by using 'edge-on' tobacco-mosaic virus as a calibration, a particle height of 9.1 + 1.5 nm was inferred. An estimate for the molecular weight can be found from the relation Mr = NA. VM/v,, where NA is Avogadro's number, V, the particle volume and ViS the specific volume (of particle + associated solvent). By taking the average particle dimensions as 15.Onm x 15.Onm x 9.1 nm and assuming that after air-drying there is still a nominal hydration (vz3 approx. 1 ml/g), M = 575 000 + 150000, consistent with solution measurements . Magnification x 56000.
Rapid Papers of 1.5 nm was estimated for these thread-like extensions, and from the sharpness of their definition it is inferred that their width in the substrate plan was of the same order (i.e. they are not flattened tapes). The height above substrate of the low-profile areas was very low indeed at their perimeter, barely resolvable and perhaps 0.8 nm or less. It is clearly possible that they could be thicker in the centre, however. All these micrographs were of material prepared from very dilute solutions (approx. 10,ug/ ml): at higher concentrations similar regions were seen, but extensive interaction between the particles made it very difficult to resolve individual particles.
The molecular weights of the low-profile areas can be estimated very approximately, assuming them to be oblate ellipsoids of double axes 1-1.5 nm x 'length'x'width', and are in the range 1 x 106-6 x 106. These will be upper estimates, no allowance for possible non-perfect packing having been made. The thread-like extensions, diameter 1.5 nm, will have a mass of 25 000/lOOnm length. It is thus very clear that the latter cannot be other than a small component of the whole molecule. On a semiquantitative basis, the particles appear in numbers corresponding to that expected for particles of this mass, when sprayed over a range of solute concentrations. Moreover, as the solution was made up of specimen free of salts and other low-molecularweight components, dissolved into glass-distilled water, no component other than the mucus glycoprotein could be present in the quantity observed. Preparation in distilled water was found to be desirable for the additional reason that the high doublelayer repulsive forces (Verwey & Overbeek, 1948) would decrease the tendency of the macromolecules to aggregate and simultaneously (through high intramolecular repulsive forces from N-acetylneuraminic acid residues) allow maximum rod-forming tendency.
These observations may possibly be reconciled with the earlier observations of stiffened rods (Slayter et al., 1974; Lamblin et al., 1979) in the following way. The linear extensions that we have observed are of similar length to the rods described earlier, but our estimated thickness of 1.5 nm is much lower than the estimates, made with the use of rotary shadowing, of 3-5 nm. The latter technique relies largely on 'decoration' by migrating metal ad-atoms to provide contrast (Willison & Rowe, 1980a) . Although excellent for revealing conformation of extended molecules, it is a technique that is specifically designed to exaggerate width, the latter effect being related to geometric abruptness of the specimen/substrate transition. Subsequent calculations of widths are accordingly of low precision. Unidirectional shadowing, on the other hand, is simpler in its operation, and gives results of adequate accuracy in this size range.
Vol. 209
The low-profile areas that we see could clearly be derived from highly swollen particles of low asymmetry, which flattened on to the substrate on drying down. This is our provisional conclusion, although clearly the future use of methods that might maintain the supposed three-dimensional order is indicated. Rotary shadowing, particularly of specimens dried down from 100mM-ammonium acetate (which can leave a slight residue), would not be expected to resolve such structures. We therefore consider it possible that the difference between our own and the earlier results is purely methodological.
To see how typical our results might be, we have also taken electron micrographs of a lowermolecular-weight ovarian-cyst glycoprotein (Creeth et al., 1974) [fraction 603/AmS, M°approx. 585000 , N-acetylneuraminic acid content approx. 6%]. Although a native glycoprotein, it is one of a class (see Donald, 1973) that has so little naked protein segment that it virtually constitutes a glycopolypeptide. For fraction 603/AmS, only particles of low asymmetry were observed after unidirectional shadowing (Plate 2). The measured widths (15.0 + 1.9 nm) were considerably larger than the estimated heights (9.1 + 1.5 nm), consistent with the known molecular weight and with a degree of flattening, but clearly to a much smaller extent than in the case of glycoprotein CF PHI. These results obtained with fraction 603/AmS confirm the plausibility of a generally spherical model for the gross conformation of mucus glycoproteins. The possibility is that a small part (less than 10% of the mass) may be present as linear extensions, but the alternative that these latter, as seen by us with glycoprotein CF PHI and by earlier workers (Slayter et al., 1974; Lamblin et al., 1979) , arise as artifacts during drying down cannot be excluded, particularly for such immensely swollen macromolecules, where hydration is likely to play an important role in stabilizing the native conformation in solution. Alternatively, the absence of linear extensions for fraction 603/AmS is consistent with the absence of naked protein segment, unlike the more typical 'mucin' CF PHI, which has the observed extensions.
Attempts to extend our model to cover larger glycoproteins, e.g. pig gastric mucin, unfortunately proved unsuccessful, owing to the high tendency of these molecules to aggregate, even when dissolved in distilled water alone. X-ray fibre diffraction studies on pig gastric mucin performed by Dr. E. D. T. Atkins on our material have revealed no discernible ordering, which may indicate an absence of rod forms. It is possible therefore that our model may be applicable to a wider range of mucus glycoproteins. This would be consistent with the principal biological function of mucus in immobilizing water and forming a space-filling layer. Finally, our model is consistent with the high proline contents (10-20% of amino acid content) found in mucus glycoproteins: proline has the effect of introducing bends into a polypeptide chain, and hence may assist the coiling of these substances into spheroidal domains.
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